Enrichment techniques are often required prior to use of instrumental determination methods, to improve the accuracy and precision of analytical results. 1, 2 Coprecipitation with metal hydroxides offers a useful multielement enrichment technique in water analysis. A direct combination with graphite-furnace atomic absorption spectrometry (GFAAS), however, is difficult or impossible because carrier elements cause serious background absorption as well as distortion or suppression of analytical signals. The removal of indium carrier as volatile bromide from a graphite-furnace heated at 600˚C 3 is a rapid and convenient process, which makes a smooth connection of coprecipitation and GFAAS possible. A relatively large amount of thiourea, however, must be added to eliminate the volatilization loss of cadmium. 4 In previous work 5 , the group IIIB elements (aluminum, gallium and indium) and iron(III) were studied to achieve an advantageous combination of coprecipitation and GFAAS. They resembled each other in coprecipitation behavior, where trace heavy metals were collected quantitatively from neutral or slightly alkaline solutions. Though gallium hydroxide seemed to be removed most easily as chloride (b.p. ca. 200˚C), serious background absorption occurred, especially in the determination of cadmium.
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The present communication describes the effective volatilization of gallium carrier with the aid of thionyl chloride. The gallium is converted into the chloride and volatilized from the graphite-furnace at 250˚C. The highly reduced background does not interfere with the determination of cadmium.
Experimental

Apparatus and reagents
A Seiko I & E SAS-715 graphite-furnace atomizer was used in conjunction with an SAS-760 atomic absorption spectrometer, fitted with a deuterium background corrector. Profiles of the analytical signal and background absorption were registered in a cathode-ray tube incorporated in the instrument. The recommended furnace program for the determination of cadmium is shown in Fig. 1 . Other operating conditions are as follows: wavelength 228.8 nm, hollow-cathode lamp current 5 mA, argon gas flow-rate 0.8 dm 3 min -1 , response 0.10 s, and slit width 1.08 nm.
A gallium solution (10 mg cm -3 , in 0.3 mol dm -3 nitric acid) was prepared from gallium metal (99.9999% purity). A cadmium solution (1 mg cm -3 , in 0.1 mol dm -3 nitric acid) was prepared from a commercial standard solution (1000 mg cm -3 , Nacalai Tesque). It was further diluted to appropriate concentrations with 0.1 mol dm -3 nitric acid immediately before use. Thionyl chloride (Analytical grade, Nacalai Tesque) was used without further purification. Water was purified by distillation and ion exchange, and then passed through a Millipore Milli-Q purification system.
Procedure for coprecipitation
To 100 cm 3 of water containing nanogram quantities of cadmium was added 1 cm 3 of gallium solution. While the solution was stirred magnetically, its pH was adjusted to about 8 with 0.1 and 1 mol dm -3 sodium hydroxide solutions to form gallium hydroxide. The precipitate was separated by centrifugation at 3500 rpm for 10 min and dissolved in 0.5 cm 3 of 1 mol dm -3 nitric acid. The solution was diluted to 1 -5 cm 3 with water and analyzed for cadmium by GFAAS.
Results and Discussion
Because gallium carrier was not volatilized from 0.5 mol dm -3 hydrochloric acid solutions 5 , the concentration of hydrochloric acid was increased up to 12 mol dm -3 . However, large background absorption (absorbance ca. 1) appeared, even if the graphite-furnace was heated at 500˚C. This indicates that the resulting product is not gallium chloride, but presumably the stable oxide (m.p. of b-Ga 2 O 3 ca. 1740˚C 6 ).
It is reported that gallium chloride can be formed by the action of thionyl chloride (SOCl 2 , b.p. ca. 80˚C, chlorine evolved at >140˚C) on heated gallium oxide at >200˚C. 6 After centrifugation, therefore, gallium hydroxide was gently heated in the centrifuge tube to near dryness, and thionyl chloride was added drop by drop to form volatile gallium chloride. Though the precipitate was decomposed readily, the dissolution of the residue in acids was not complete (e.g., 10 -20% of cadmium was not recovered).
Therefore, direct volatilization was attempted by dissolving gallium hydroxide in diluted nitric acid and injecting a 10 mm 3 aliquot of the solution into the graphite-furnace. The furnace was gradually warmed to 100˚C to dry the sample and further heated to 250˚C (see Fig. 1 ). The temperature was determined to be slightly higher than the boiling point (ca. 200˚C) of gallium chloride; this would minimize sputtering loss of cadmium. Though injection of a 10 mm 3 aliquot of thionyl chloride was almost sufficient to remove the gallium carrier, another aliquot of thionyl chloride was added to confirm the reaction. Atomization and a clean-up stage were performed at 2000 and 2500˚C, respectively.
The typical profiles of cadmium signal and background absorption are illustrated in Fig. 2 . The concentration of gallium is 10 mg cm -3 . With the aid of thionyl chloride, the background absorption was highly reduced to approximately 0.1, which was successfully compensated by the deuterium background correction.
The recovery of cadmium through the whole procedure was examined by using 100 cm 3 of water containing 3 ng of cadmium. After coprecipitation with gallium hydroxide (10 mg as Ga) at pH 8, the precipitate was dissolved in 0.5 cm 3 of 1 mol dm -3 nitric acid and diluted to 1 cm 3 with water (see Procedure for copre-cipitation). The recovery of cadmium was 96±1%. The relative standard deviation for the atomic absorption measurement was 1.7% (n=5).
The calibration graph was linear up to at least 3 ng cm -3 in the final solution, with a gradient of 0.103 absorbance per ng cm -3 . The detection limit was 0.05 ng cm -3 in the final solution. This indicates that cadmium ions down to 0.5 pg cm -3 in original samples can be concentrated 100-fold by coprecipitation and determined by GFAAS. Gallium hydroxide collects many trace heavy metals in water samples. 5, 7, 8 Thus the proposed method allows the multi-element preconcentration for GFAAS. Work in this area is in progress in our laboratory.
